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DPH anisotropySphingolipids have been found to have single methyl branchings both in their long-chain base and in their N-
linked acyl chains. In this study we determined how methyl-branching in the N-linked acyl chain of
sphingomyelin (SM) affected their membrane properties. SM analogs with a single methyl-branching at
carbon 15 (of a 17:0 acyl chain; anteiso) had a lower gel–liquid transition temperature as compared to an
iso-branched SM analog. Phytanoyl SM (methyls at carbons 3, 7, 11 and 15) as well as a SM analog with a
methyl on carbon 10 in a hexadecanoyl chain failed to show a gel–liquid transition above 10 °C. Only the two
distally branched SM analogs (iso and anteiso) formed ordered domains with cholesterol in a 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) bilayer. However, domains formed by the branched SM analogs appeared
to contain less sterol when compared to palmitoyl SM (PSM) as the saturated phospholipid. Sterol-enriched
domains formed by the anteiso SM analog were also less stable against temperature than domains formed by
PSM. Both the 10-methyl and phytanoyl SM analogs failed to form sterol-enriched domains in the POPC
bilayer. Acyl chain branching weakened SM/sterol interactions markedly when compared to PSM, as also
evidenced from the decreased afﬁnity of cholestatrienol to bilayers containing branched SM analogs. Our
results show that methyl-branching weakened intermolecular interactions in a position-dependent manner.l-SM; 15MeSM, N-15-methyl-
yl-SM; 7SLPC, 1-palmitoyl-2-
holesta-5,7 (11)-trien-3-beta-
ial scanning calorimetry; KX,
hate buffer saline; PhytSM, N-
-3-phosphocholine; PSM, N-
SM, N-stearoyl-SM; Tm, gel–
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Sphingolipids aremajor components of the external leaﬂet of plasma
membranes inmostmammalian cells [1–6]. The hydrophobic backbone
of sphingolipids (SLs) is based on a long-chain base (LCB) and an N-
linked acyl chain. There appears to be a plethora of different long-chain
sphingoid bases in naturally occurring SLs (see [7] and references
therein). Although sphingosine (D-erythro-2-amino-trans-4-octade-
cene-1,3-diol) is the prevalent backbone in most mammalian sphingo-
lipids [8], branched and unsaturated LCBs also exist in e.g.,
sphingomyelins (SM). It has been observed that SMs from the nerves
of the squid Loligo pealei contain a LCBs with 19 carbons, three double
bonds (positions 4, 8 and 10), and a methyl-branching at carbon 9 [9].
Beef and rat kidneys are also known to contain SLs with methyl-
branched LCBs [10]. The acyl chain composition of SMs varies from
tissue to tissue, so that brain white matter contains SMs with nervonicacid (24:1Δ15c), whereas brain grey matter consists of SMs with
predominantly stearic acid (18:0) in the N-linked position [11]. Brain-
derived SMmay also contain alpha-hydroxylated acyl chains [12]. SMs
isolated from cultured cells (e.g. human skin ﬁbroblasts, human
erythroleukemia cells, bovine aortic smooth muscle cells, baby hamster
kidney cells) are usually amixedpopulation, containingboth long (22:0,
24:0, 24:1Δ15c) and intermediate length (16:0 and 18:0) acyl chains
[13]. Both ceramides and SMs from the Harderian gland of guinea pigs
have about 2%methyl-branching in their acyl chains, and even the LCBs,
originating from this gland, were often methyl-branched [14,15].
It is known that both the LCB and acyl chain conﬁguration affect the
molecular properties of SMs [16–19]. However, the functional role of
methyl-branching in the LCB or in the N-linked acyl chains of SM is not
fully understood. Methyl-branching can be envisioned to interfere with
bilayer packing of SLs, since the protruding methyl group is likely to
attenuate attractive van derWaals forces among interacting acyl chains.
In line with this, methyl-branched phosphatidylcholines have been
shown to be more ﬂuid than their unbranched analogs at a given
temperature [20]. Bacterial membranes are known to contain a high
proportion of phospholipids with branched acyl chains [21]. Since
bacterial membranes are devoid of cholesterol [22], it is possible that
methyl-branching is a way for bacteria to regulate membrane ﬂuidity.
It is the aim of the present study to examine howmethyl-branching
in the N-linked acyl chain of SMs affect their membrane properties and
sterol interactions. We have synthesized SM analogs with methyl
groups at different positions along their acyl chains as well as a poly-
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membrane properties of the methylated analogs were compared to the
saturated SMs, palmitoyl SM (PSM) and stearoyl SM (SSM). Interactions
between branched SM analogs and unbranched SMs were examined
with DSC, whereas lateral domain formation and sterol interactions
were determined using ﬂuorescence spectroscopy. Our results show
thatmethyl-branchingmarkedly interfered with themolecular packing
of the SM analogs, thus lowering their gel–ﬂuid transition temperature
(Tm). However, despite the branching, cholesterol was still effective in
ordering the acyl chains above theTmof the SManalogs, indicating some
degree of favorable interaction. The afﬁnity of cholestatrienol (CTL) for
bilayers containing branched SM analogs was also higher than for 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers. We
conclude that while methyl-branching attenuate favorable intermolec-
ular interactions, sterols still have more favorable interactions with
mono methyl-branched SMs than with the mono-unsaturated POPC.
2. Materials and methods
2.1. Materials
Highly pure POPC and sphingosyl phosphorylcholine were pur-
chased from Avanti Polar Lipids (Alabaster, AL) and used without
further puriﬁcation. Branched fatty acids (10-methylhexadecanoic acid,
15-methylheptadecanoic acid, 16-methylheptadecanoic acid and phy-
tanic acid) were obtained from Larodan Fine Chemicals (Malmö
Sweden). The branched SM analogs were synthesized from sphingosyl
phosphorylcholine and fatty acids as described previously [18,23]
resulting in N-10-methylhexadecanoyl-SM (10MeSM), N-15-methyl-
heptadecanoyl-SM (15MeSM), N-16-methylheptadecanoyl-SM
(16MeSM) and N-phytanic-SM (PhytSM). The branched SM analogs
were puriﬁed by preparative HPLC (RP C18, elutionwithmethanol) and
their identity was veriﬁed by ESI-MS (purity better than 98%). PSM and
SSM were isolated to 99% purity from egg SM and bovine brain SM,
respectively, using preparativeHPLC as described above. Stock solutions
of lipids were prepared in hexane/2-propanol (3/2, by vol). All
phospholipid solutions were taken to ambient temperature before
use. The concentration of all phospholipid solutions was determined by
phosphate assay subsequent to total digestion by perchloric acid. Stock
solutions of the phospholipids were stored in the dark at−20 °C.
Cholesterol was from Sigma Chemicals (St. Louis, MO) and was at
least 99% pure. (7-Doxyl)-stearic acid was obtained from TCI (TCI
Europe N.V., Belgium) and was used for the synthesis of 1-palmitoyl-
2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine (7SLPC) [24]. CTL
was synthesized and puriﬁed as described by Fisher et al. [25]. The
identity of CTL was positively veriﬁed by ESI-MS. 1,6-Diphenyl-1,3,5-
hexatriene (DPH) was purchased from Molecular Probes (Leiden, the
Netherlands). Probes were stored under argon in the dark at −87 °C
until dissolved in argon-purged ethanol (CTL) ormethanol (DPH). The
concentration of stock solutions of CTL and DPH was determined
spectrophotometrically using their molar absorption coefﬁcients (ε)
values: 11 250 M−1 cm−1 at 324 nm for CTL, and 88 000 M−1 cm−1
at 350 nm for DPH. Stock solutions of ﬂuorescent reporter molecules
were stored in the dark at −20 °C and used within a week. The
phosphate buffered saline (50 mM, pH 7.4 with 140 mM NaCl, PBS)
was used as aqueous solvent in all studies. All other inorganic and
organic chemicals used were of the highest purity available. The
solvents used were of spectroscopic grade. Water was puriﬁed by
reverse osmosis followed by passage through a Millipore UF Plus
water puriﬁcation system having ﬁnal resistivity of 18.2 MΩcm.
2.2. Preparation of vesicles
Lipid vesicles used in the study were prepared to a lipid
concentration of 1.42 mM (for DSC studies) or 50 μM (for ﬂuorimetric
studies). Required amounts of the lipids and probes were mixed andthe solvents were evaporated under a constant ﬂow of N2 at 35 °C.
When preparing liposomes with mixed lipid compositions, the lipids
were redissolved in chloroform to assure a homogeneous mixing of
the lipids. Once the lipids were thoroughly mixed, the solvent was
redried to yield a lipid ﬁlm. After further drying under high vacuum
for at least 1 h at room temperature, the lipid mixtures were hydrated
by adding PBS buffer. The temperature of the PBS buffer was kept
above the gel–liquid crystalline phase transition temperature of the
lipid with the highest melting temperature before addition to the dry
lipid ﬁlm. The lipid suspension was maintained above Tm during the
hydration period of 20 min. Samples were then vortexed to disperse
the lipids in the buffer. Vesicles for DSC studies were prepared by bath
sonication in a Bransonic 2510 (Branson Ultrasonics, Danbury, CT)
bath sonicator for 15 min at Tm+20 °C. For ﬂuorescence measure-
ments, multilamellar vesicles were prepared by probe sonication
(sonicated for 2 min with 20% duty cycle and 15 W power output)
using a Branson probe soniﬁer (W-450, Branson Ultrasonics).
2.3. Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were
performed on a Calorimetry Sciences Cooperation Nano II DSC
(Provo, UT). The software used for analysis of the DSC data was
CpCalc (CSC, Provo, UT) and Origin 7 (Microcal, Northampton, MA).
The lipid compositions studied were pure SM analog or SM analog:
PSM (1:1, molar ratio). The sample cell of the calorimeter was ﬁlled
with 0.4 ml of lipid suspension, whereas the reference cell was ﬁlled
with PBS buffer. At least two consecutive heating and cooling scans
from 0 °C to 80 °C were performed with a scan rate of 1 °C/min. We
observed the repeated heating (and cooling) thermograms to be
essentially identical in shape. Thermograms shown in the ﬁgures are
second heating scans.
2.4. Fluorescence quenching measurements
In order to follow the formation and melting of ordered domains,
the steady-state quenching of CTL or DPH by the quencher 7SLPC was
measured on a PTI Quanta-Master spectroﬂuorimeter (Photon
Technology International, Lawrenceville, NJ). The excitation and the
emission slits were set to 5 nm and the temperaturewas controlled by
a Peltier element with a temperature probe immersed in the sample
solution. The samples were heated from 8 °C to 70 °C at a rate of 5 °C/
min. The measurements were performed in quartz cuvettes with a
light path length of 1 cm and the sample solutions were kept at a
constant stirring (350 rpm/min) throughout the ﬂuorescence mea-
surement. Fluorescence intensity of CTL was detected with excitation
and emission wavelengths at 324 nm and 374 nm, and DPH was
detected with excitation and emission wavelengths at 360 nm and
430 nm, respectively. The ﬂuorescent probes were protected from
light during all the steps of experiments. Fluorescence emission
intensity was measured in the F-sample (quenched) consisting of
POPC/7SLPC/SM analog/cholesterol, (30:30:30:10, molar ratio) and
in the F0 sample (non quenched), in which 7SLPC had been replaced
with POPC. The ﬂuorescence intensity in the F-sample was divided by
the ﬂuorescence intensity of the F0 sample giving the fraction of non
quenched CTL ﬂuorescence plotted versus the temperature. CTL
replaced 1 mol% of cholesterol and 1 mol% of DPH was added to the
lipid solution.
2.5. Determination of steady-state ﬂuorescence anisotropy
The steady-state ﬂuorescence anisotropy of DPHwas measured on
a T-format PTI Quanta-Master spectroﬂuorimeter, essentially follow-
ing the procedure described in [26]. Brieﬂy, the compositions of the
vesicles studied were SM analog and cholesterol with a varying
cholesterol concentration of 0, 10, 20 and 30 mol%, using 1 mol% DPH.
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430 nm, respectively. The steady-state anisotropy was calculated as
described in [27].
2.6. Sterol partitioning into unilamellar vesicles
The distribution of CTL between methyl-β-cyclodextrin (Sigma
Chemicals, St. Louis, MO) and extruded large unilamellar phospho-
lipid vesicles was determined as described by [28], a method
signiﬁcantly modiﬁed from the procedure reported by Niu and Litman
[29]. The assay yields the molar fraction partition coefﬁcient, KX, for
CTL. The CTL and thus sterol concentration was 2 mol% in all
partitioning experiments. A high KX indicates a higher afﬁnity of CTL
for the bilayer as compared with methyl-β-cyclodextrin.
3. Results
3.1. DPH anisotropy in pure SM analog bilayers
To study how the methyl-branching at different positions along
the N-linked acyl chain of SM affected the bilayer packing properties,
we measured the steady-state anisotropy of DPH as a function of
temperature (Fig. 1). Since DPH is located deep in the hydrophobic
core, and also can partition into gel phases, the probe gives valuable
information about phase transitions and acyl chain order [30]. Our
main reference molecule was PSM which we have characterized
extensively [17–19,31–33], but since some of the methyl-branched
chains had 18 carbons in total, we also included SSM as a reference.
The Tm of SSM occurred at a slightly higher temperature (44 °C) as
compared with PSM (41.5 °C), which is consistent with the longer N-
linked saturated acyl chain of SSM [34]. The presence of methyl-
branching in the N-linked acyl chain markedly lowered the Tm, and
the lowering effect was sensitive to the position of the branching.
16MeSM underwent the gel–ﬂuid transition at 36 °C and 15MeSM at
28 °C. These results show that even distal methyl-branching affect
packing properties and thus transition temperatures. With 10MeSM, a
cooperative transition was no longer observable in the temperature
window examined, and the DPH anisotropy decreased monotonously
with temperature. A similarmonotonous decrease in the anisotropy of
DPH was also seen with PhytSM. The single methyl-branching at
position10, or the four branchings in the phytanoyl chain, rendered
the acyl chain region more disordered when compared to bilayersFig. 1. Steady-state anisotropy of DPH in pure SM bilayers as a function of temperature.
Experiments were performed with multilamellar vesicles at a scan rate of 2 °C/min
with a lipid concentration of 50 μM and 1 mol% of DPH. The graphs show representative
data from reproducible experiments.comprising the more distally branched analogs, or unbranched SM
species.
3.2. DSC analysis of pure SM analogs, and miscibility studies of SM
analogs with PSM
To study the thermotropic properties of pure SM analogs, we
performed DSC analysis of fully hydrated bilayers made from each of
the SM analogs (Fig. 2). Both 16MeSM and 15MeSM displayed a clear
gel–liquid phase transition with a fairly good cooperativity, but in
contrast to PSM there appeared to be no clear pretransitionwith these
two analogs. Both 10MeSM and PhytSM failed to show a gel–liquid
transition within the temperature window examined.
Next we wanted to examine how well the methyl-branched SM
analogs interacted with a saturated SM. This was done by DSC using
bilayers containing equimolar amounts of PSM and each of the SM
analogs. As shown in Fig. 2 (right panels), all analogs affected the
cooperative main transition of PSM. PSM did not phase separate to
form a PSM-rich phase with any of the SM analogs, suggesting that
miscibility of PSM with the SM analogs was good, or that there was
only a narrow phase separation range for thesemixed bilayer systems.
However, the endotherm of the 16MeSM analog contained at least
two components, a 16MeSM rich phase (minor component) and a
binary 16MeSM/PSM phase (major component).
3.3. Interactions of SM analogs with cholesterol
DPH anisotropy measurements indicated that cholesterol was able
to increase acyl chain order (and hence DPH anisotropy) in the liquid-
disordered state in a concentration-dependent manner (Fig. 3). The
effect of cholesterol on DPH anisotropy in the ﬂuid phase for PSM,
SSM, 16MeSM and 15MeSM was similar irrespective of the conﬁgu-
ration of the N-linked acyl chain. Cholesterol also increased acyl chain
order in 10MeSM and PhytSM bilayers, but the effect was less than
seen with the distally branched or unbranched SM analogs.
The interactions of sterol with the SM analogs in ternary bilayers
also containing a ﬂuid phospholipid were determined using our CTL
quenching assay (Fig. 4) [16,35,36]. If CTL, which is the closest
cholesterol mimic available, is able to interact favorably with the
saturated SM analog in an ordered domain, its ﬂuorescence will be
resistant to collision-induced quenching by 7SLPC in the disordered
(ﬂuid) phase. By plotting the F/F0 ratio against temperature, the
presence of CTL-enriched domains can be determined, and their
thermostability assessed. Cholesterol and CTL have been shown to
form sterol-enriched ordered domains with PSM, which disintegrate
(or melt) between a temperature interval of about 20–40 °C (Fig. 4)
[36]. SSM appeared to form sterol-enriched domains melting roughly
in the same temperature interval as those of sterol/PSM, although the
midpoint of melting appeared to be a few degrees higher than for
PSM-enriched domains. Both 16MeSM and 15MeSMwere also able to
form CTL-enriched domains, with 16MeSM melting at approximately
the same temperature as PSM and SSM whereas 15MeSM domains
melted at a slightly lower temperature. For both 10MeSM and
PhytSM, the F/F0 function was monotonous over the studied
temperature interval, suggesting that no CTL-enriched ordered
domains were formed.
To study to what extent the methyl-branched SM analogs formed
ordered domains (not necessarily containing sterol, and hence not
reported for by CTL) we measured the quenching susceptibility of
DPH instead (Fig. 5). This probe partitions more equally between
ordered and ﬂuid phases [37], and does not show a preference for
interacting with SM. As shown in Fig. 5, the end temperatures of the
ordered domains as reported for by DPH were similar to the domains
reported for by CTL (Fig. 4). SSM domains however seemed to be
slightly destabilized when probed with DPH. The phase behavior of
SSM is known to be metastable, and is thus different in properties
Fig. 2. Representative DSC heating thermograms of pure SM analogs (left panels), and equimolar mixtures with PSM (right panels). The samples were heated at a rate of 1 °C/min
and the lipid concentration was 1.42 mM. Thermograms shown are 2nd heating scans and PSM is shown in two panels to aid comparisons. Note that the scale of the molar heat
capacity axis differ for the top six and bottom four panels.
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3.4. Sterol afﬁnity for SM analog containing bilayers
A recently developed CTL equilibrium partition assay has been used
todetermine the afﬁnity of sterols for phospholipid bilayers (Fig. 6) [28].
The partition assay yields the molar fraction partition coefﬁcient (KX),and a high value for KX indicates favorable partitioning of CTL into the
bilayers. Since the bulk bilayer was composed of POPC, partitioning of
CTL into a pure POPC bilayer could be considered as a control, against
which the other systems were compared. The partitioning was
performed at two temperatures, ambient (23 °C) and 37 °C with a
composition that should yield a Ld phase at both temperatures. The
partitioning was further done with only 2 mol% sterol (CTL). As shown
in Fig. 6, the KX for CTL was markedly higher for PSM containing
Fig. 3. Steady-state anisotropy of DPH as a function of temperature and cholesterol concentration. Experiments were performed with multilamellar vesicles at a scan rate of 2 °C/min
with a lipid concentration of 50 μM and 1 mol% of DPH. The cholesterol content varied between 0 and 30 mol%. The graphs show representative data from reproducible experiments.
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was retained at both experimental temperatures, and demonstrates the
high afﬁnity CTL has for PSM in a POPC matrix. This observation is
consistentwith similar data for comparable systems [28,39].When PSM
was replaced with mono methyl-branched SM analogs (16MeSM,Fig. 4. Melting of ordered domains observed from the quenching of CTL ﬂuorescence.
The melting proﬁle is shown as the F(quenched)/F0(non quenched) ratio plotted
versus temperature. The F-sample consisted of POPC/7SLPC/SM analog/cholesterol/
CTL (30:30:30:9:1 mol%) and in the F0-sample 7SLPC was replaced with POPC. The total
lipid concentration was 50 μM and samples were heated at 5 °C/min. The graphs show
representative data from reproducible experiments.15MeSM and 10MeSM), the measured KX was lower than the value
determined for PSM, but higher than for pure POPC. This observation
was true at both temperatures, and indicated that CTL had a higher
afﬁnity for themethyl-branched SM analogs as compared to the afﬁnity
for POPC. The KX of CTL for PhytSM containing bilayerswas not differentFig. 5. Melting of ordered domains observed from the quenching of DPH ﬂuorescence.
The melting proﬁle is shown as the F(quenched)/F0(non quenched) ratio plotted
versus temperature. The F-sample consisted of POPC/7SLPC/SM analog/cholesterol
(30:30:30:10 mol%). In the F0-sample 7SLPC was replaced with POPC. The total lipid
concentration was 50 μM with 1 mol% and the samples were heated at 5 °C/min. The
graphs show representative data from reproducible experiments.
Fig. 6. Partitioning of CTL into unilamellar bilayer vesicles containing either POPC or
POPC:SM analogs (4:1 molar ratio) at 23 °C (grey columns), 37 °C CTL (unﬁlled
columns). CTL partitioning was determined as described in the experimental section
and each value is the average from 2 to 3 separate experiments ±S.E.M.
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similar to CTL interactions with POPC.
4. Discussion
Sphingolipids in general and SM in particular are important
membrane constituents which confer increased order to membranes
[26,34,39–45]. Saturated SMs interact favorably with cholesterol and
form cholesterol- and SM-rich domains [46–48], which in cell
membranes can form functional platforms (i.e., lipid rafts) [49]. In
order to better understand how naturally occurring methyl branching
in sphingolipids may affect their membrane properties and interac-
tions with cholesterol, we have synthesized and examined the
membrane properties of methyl-branched SMs.
Based on both DPH anisotropy and DSC data, it became apparent
that methyl branching disordered bilayers and lowered the gel–liquid
transition temperature in a position-dependent manner. The iso-
branched 16MeSM analog had a Tm that was 8 degrees below that of
SSM, and the anteiso 15MeSM analog had a Tm that was about 16
degrees below that of SSM. A methyl branching at position 10 (in a 16
carbon acyl chain) ﬂuidized the SM analog to the same extent as a cis
double bond at position 9 in a 18 carbon acyl chain (comparing DPH
anisotropy values for 10MeSM in this study, and 18:1-SM in [50]).
Surprisingly, the phytanoyl SM analog with four methyl branchings
was only marginally more disordered than 10MeSM, when disorder
was determined from DPH steady-state anisotropy. It is known from
previous DSC studies that methyl-branched phosphatidylcholines are
more ﬂuid than their unbranched analogs at a given temperature. A
phosphatidylcholine with two anteiso 17:0 chains had a Tm of 18.7 °C
[20], whereas the 15MeSM analog melted around 28 °C. These results
suggest that a methyl protrusion in the acyl chain disturbs lateral
packing at least as efﬁciently as a cis double bond does. Methyl
branching in SMs did not markedly interfere with PSM miscibility,
although the cooperativity of the PSM gel–liquid phase transition was
extensively affected by methyl branching in a position-dependent
manner. It therefore appears that miscibility with SMs is determined
more by hydrogen-bonding properties, and less by polar head group
structure and linkage [51], or acyl chain branching (Fig. 2). In binary
bilayer systems, the acyl chains of all branched SM analogs were
ordered by cholesterol in a concentration-dependent manner (Fig. 3).
The ordering effect was slightly more effective with 16MeSM and
15MeSM analogs than it was with the 10MeSM or PhytSM analogs. A
methyl group at position 10, or the presence of four methyl groups,
would be expected to interfere more with cholesterol interactionbecause cholesterol's normal position in bilayers allows it to interact
mostly with the top 10 carbons of adjacent acyl chains [52].
Although methyl branching caused a varying degree of disorder
among the acyl chains in the bilayer core, cholesterol still was able to
interact with the acyl chains and increase their order (Fig. 3). In a
ternary bilayer system containing POPC as the ﬂuid phospholipid, and
PSM as the saturated phospholipid, formation of sterol containing
ordered domains has been shown [31]. These sterol-rich domains are
thermostable up to a certain temperature, at which they disintegrate.
In this study 16MeSM formed sterol-enriched ordered domains that
were as stable as those formed by PSM or SSM. However, with
15MeSM as the saturated phospholipid, sterol-enriched domains still
were formed but their thermostability was clearly reduced (Fig. 4).
Neither 10MeSM nor PhytSM were able to form sterol-enriched
domains. The stability of sterol-enriched ordered domains formed by
saturated phospholipids in ternary bilayer systems must depend on
the properties of both the saturated and unsaturated phospholipid, as
well as on the nature of the sterol component [53–57]. The degree of
miscibility of the unsaturated phospholipid with the sterol- and SM-
rich domains is likely to affect thermostability markedly [58]. Also,
when the saturated phospholipid behaves like a ﬂuid lipid (10MeSM
and PhytSM), it is not wholly unexpected that sterol-enriched ordered
domains did not form, because of unfavorable interactions and loose
lateral packing.
Since the rate of sterol partitioning between bilayer membranes
[59–61], or between membranes and cyclodextrins [28,29,61] is
markedly affected by the interaction between the sterol and the
phospholipid molecules in the membrane, determination of sterol
partitioning coefﬁcients can be used to assess relative afﬁnity of
sterols for phospholipid bilayermembranes [28]. At both 23 and 37 °C,
CTL partitioning into membranes containing mono methyl-branched
SM analogs were higher than to membranes of pure POPC, indicating
that sterol/SM interactions were more favorable than sterol/POPC
interaction, irrespective of branching (even at the 10 position).
Interaction between sterol and PSM was however more favored than
interactions between sterols and any of the methyl-branched SM
analogs. For 15MeSM and 16MeSM, these results were expected based
on the domain-forming properties of the SM analogs. It is also
interesting to note that the sterol afﬁnity for the ﬂuid SM analog
10MeSM was not qualitatively very different from the sterol afﬁnity
for oleoyl SM [50], which also behaves like a ﬂuid lipid.
One can only speculate why sphingolipids have evolved to contain
methyl branchings both in their long-chain bases and in their N-
linked acyl chains. Clearly, such methyl branchings interfere with
molecular packing and induce disorder locally. Although it is not
experimentally tested how long-chain base branching differs from
acyl-chain branching, both types of branchings would still be
expected to interfere with lateral packing and molecular interactions.
Using methyl branchings instead of cis double bonds to induce ﬂuid-
like properties to bilayers would allow for a chemically less reactive
modiﬁcation to the molecules, but then it is unclear why e.g.,
Harderian glands would need chemically less reactive modiﬁcations
to confer increased ﬂuidity to membranes. It is possible that methyl
branchings confer additional molecular properties to sphingolipids
that do not show up in the experiments performed in this study.
However, methyl branchings could also have functional importance
for e.g., sphingolipid/protein interaction in certain types of mem-
branes of specialized tissues. Clearly more experiments are needed to
further explore these possibilities and to allow us to better
understand the reasons for complexities in the structures of
sphingolipids.
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